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ABSTRACT
Shock tubes are considered ideal reactors and are used extensively to provide valuable chemical kinetic
measurements, such as ignition delay times and in-situ species time-histories. However, due to nonideal
affects the combustion of fuel inside shock tubes can become nonhomogeneous, particularly at low
temperatures, which complicates the acquired data. In this work, the combustion of practical fuels used by
society are investigated with high-speed imaging. First, high-speed images were captured through the end
wall of the shock tube for two hydrogen-oxygen systems. The combustion process was found to initiate in
two modes, one that is homogeneous across the fluid medium and one that proceeds through a deflagration
to detonation channel. In the second part of this work, the shock tube test section was redesigned to promote
optical access from the end and side walls of the shock tube test section. Two high-speed cameras were
used to capture perpendicular views of the combustion of iso-octane and n-heptane, two primary reference
fuels. A homogeneous and nonhomogeneous combustion process were seen for these fuels as well. Using
the side view images, the impact of the sporadic ignition process was evaluated on commonly used
diagnostics in shock tubes. Based on these results, it is recommended that shock tube diagnostics be
confined to the homogeneous ignition modes of fuels. This is found to strongly correlate with the
temperature of the combustion process, where high temperatures promote a homogeneous ignition event.
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CHAPTER ONE: INTRODUCTION
Shock tube reactors have been used extensively to obtain valuable chemical kinetic data
including species time-histories, ignition delay times, and chemical reaction rates with standard,
idealized assumptions behind the reflected shockwave. These assumptions include an
instantaneous opening of the diaphragm, minimal influence from the boundary layer, and a
uniform medium behind the reflected shock wave. However in reality, there is a finite opening
time of the diaphragm, the boundary layer growth can be significant when using diatomic and
polyatomic gases, which can cause the shockwave to bifurcate [1], and due to nonperfect reflection
of the incident wave on the end wall, gradients in temperature exist behind the reflected shockwave
[2, 3]. These deviations from ideal shock tube theory can lead to the development of a localized
deflagration wave that expediates the global ignition event and often leads to a detonation [2, 47]. This phenomenon is often termed “mild” or “weak” ignition in contrast to the “strong” or
“sharp” ignition that manifests throughout the entire cross-section of the tube, nearly
instantaneously.
Researchers have employed several methods in the past to gain an understanding of these
different ignition modes. Ciezki and Adomeit [8] observed stark differences in pressure histories
for stoichiometric benzene oxidation with only a 40 K difference in temperature, indicating a
transition from mild to strong ignition. Davidson et al. [9] had similar observations with a
stochiometric toluene/air mixture and showed at 50 atm how localized pressure readings vary with
an approximately 200 K temperature change. While these studies and many others [4, 5, 10, 11]
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can be used to identify heterogeneous reactions, this diagnostic is localized and thus provides no
information on the spatial distribution of these important reactions.
To obtain spatial and time-resolved information of these localized ignition events,
researchers have used high-speed side wall and end wall imaging. Early studies focused on side
wall imaging with pioneering work from Meyer and Oppenheim [3] who observed the mild to
strong ignition in H2/O2 systems and determined that a crucial criteria for this transition to occur
is a necessary sensitivity of ignition delay time with temperature. The authors determined for the
H2/O2 system that this sensitivity is -2 μs/K. More recently Uygun et al. [12] investigated the
preignition characteristics of 2-methylfuran and observed far-wall ignitions at about 780 mm from
the end wall and a deflagration to detonation transition of the fuel. While these investigations
provide crucial insight into the development of both mild and strong ignition events, all present
side wall imaging studies have been conducted in a shock tube of square cross-section [12-16]
which can significantly change the fluid and thermodynamics of the system compared that in a
cylindrical geometry [17].
The adoption of end wall imaging in cylindrical tubes has been imperative to the
understanding of localized ignition events and determination of factors that might promote this
behavior. Troutman et al. [18] was among the first to perform this diagnostic and discovered that
window plug perturbations can promote ignition in a localized region due to the additional surfacefluid interactions. The authors also estimated the temperature difference behind the reflected wave
as 6.7 K and commented on how the cleanliness of the tube changes the pre-ignition structure.
Pryor et al. [19] used the end wall imaging technique as a metric for ignition delay time and found
good agreement between this diagnostic and other well-established methods, even in moderately
2

heavy CO2 diluted environments. However, at the most extreme dilution level investigated (85%)
the various methods used to determine IDT showed discrepancies. Other researchers have used
this technique as well [6, 20]. However, end wall imaging has its own issues because, even though
out of focus, the camera can see ignition events occurring outside of the designated test section
which can lead to misinterpretation of results.
Both side wall and end wall imaging techniques provide valuable information about the
ignition structure of fuels, but these diagnostics performed alone could lead to misinterpretation of
results for the reasons mentioned above. Therefore, it is necessary to combine these diagnostics in
a cylindrical tube to obtain spatial and time-resolved information of ignition events behind the
reflected shock wave. Until recently, only one such tube had been designed in the past that allowed
for these simultaneous measurements in a cylindrical tube [21]; however, its purpose was not to
use the diagnostics to examine the ignition structure and its impact on chemical kinetics, but to
examine the radiation emitted from shock heated gases. Furthermore, there were serious design
issues with the tube. The transparent sections of the tube were made from Pyrex and could not
withstand the stresses induced by the reflected shockwave and often exploded upon interaction of
the incident shockwave with the end wall. For these reasons the entire shock tube was enclosed in
a wooden box to capture the shrapnel from the tube. Although recently, Figueroa-Labastida and
co-worker [22] constructed a shocktube that promotes visualization from the end wall and side
wall and claimed to be the first to do so, our previous publication on this effort shows otherwise
[23]. Additionally, the view in their shock tube from the side wall is confined to a narrow slit along
the centerline that is 30 mm x 300 mm, providing visualization of just over 20% of their tube’s
diameter. As explained in our previous work and illustrated in more detail in the experimental
3

section of this work, our TRAC shock tube provides an unobstructed view of the of the entire
diameter of the tube from the side wall.
In the current work we first present end wall imaging of a hydrogen-oxygen system and
determine the mixtures’ propensity to pre-ignite. Furthermore, the combustion process in the
influence of a dirty and clean combustion environment is examined through qualitative images and
quantitative ignition delay times measurements. This diagnostic is then expanded upon using a
novel transparent cylindrical (TRAC) shock tube that provides optical access to the test section
from the end and side walls. This type of diagnostic is imperative to understanding the ignition
structure of mixtures that are known to be heterogeneous such as mild ignitions and those behind
bifurcated reflected shockwaves; both of which have practical importance. Measurements made in
heavily CO2 diluted mixtures are paramount in developing technology for sCO2 cycles [24-27] and
those made at low temperatures, where mild ignition is typically present, are important conditions
for SI engines [28]. This work uses the novel TRAC shock tube to examine the transition from
mild to strong ignition of two primary reference fuels, n-heptane and iso-octane, in a threedimensional view and provides comparisons to work conducted in a square channel. Furthermore,
an analysis of the temperature uncertainty that promotes mild ignition and its effect on chemical
kinetic measurements is given. Lastly, the ignition process of methane under the influence of heavy
shockwave bifurcation is examined.
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CHAPTER TWO: SHOCK TUBE OPERATION
Shock tubes are devices that utilize a normal propagating shockwave to obtain
instantaneous changes in thermodynamic properties. The operation of a shock tube is rather simple.
The tube is sectioned off into two parts using a diaphragm, typically a plastic or thin metal
diaphragm is used. Both volumes on either side of the barrier are vacuumed down and then the
“driven” side is filled with some test mixture to a desired pressure. The “driver” side is then flooded
with an inert gas to generate a large pressure differential across the barrier. Eventually, the barrier
will rupture, and a normal shockwave will form to equilibrate the pressure difference experienced
throughout the tube. The normal shockwave propagates through the test mixture in the driven side
and as it does so, elevates the temperature and pressure of the mixture. The shockwave strikes the
end wall of the driven side of the tube and reflects back, shock heating the test mixture for a second
time. This process is detailed out in Figure 1. The conditions behind the reflected shock can be
easily tuned to obtain the thermodynamic parameters that are experienced in an internal
combustion engine, gas turbine, rocket engine, or in reentry conditions.
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Figure 1. x-t diagram denoting the waves formed through the rupture of the diaphragm. Region 5 is the test region where the
temperature and pressure of the test mixture are at their maximum.

All experiments conducted in this study were conducted in the University of Central
Florida’s low-pressure shock tube. UCF’s low-pressure shock tube consists of an 8.54m long
driven section and a variable length driver of 2.13m with an extended length of 4.88m. Both the
driver and driven sections have an internal diameter of 14.17 cm. Eight equally spaced machined
ports are located around the circumference of the driven section 2.00cm from the end wall. Several
of the ports house a window that allows optical access for emission or laser diagnostics or hold a
pressure transducer. The speed of the incident shockwave is calculated via 5 equally spaced PCB
113B26 piezoelectric pressure transducers placed along the length of the driven section. The test
gas conditions (temperature and pressure) were calculated via quasi 1-D normal shock relations.
In a typical shock tube experiment, test time is limited due to the arrival of the contact
surface formed between the driven and driver gases. In low temperature experiments, the arrival
of the contact surface often precedes ignition due to the longer ignition delay times in this lower
6

temperature regime. Therefore, changes were made to the UCFST in order to achieve longer test
times and study in this lower temperature region. First, the extended driver (4.88m) was used to
increase the time of arrival of the expansion waves in the test section. Second, tailored driver
mixtures were used for each shock tube experiment to negate the effect of the contact surface. To
prepare each tailored mixture, two Teledyne-Hastings HFC-D-303A mass flow controllers,
controlled via LabVIEW, regulated the flow of helium and nitrogen in the driver section in
accordance with the equations presented by Palmer and Knox[29], Trass and Mckay[30], and BenDor et al.[31]. With this technique, variable driver gas mixtures were created to cater to each
specific driven gas mixture with given conditions P1 and T1. For all tailored mixtures, a
combination of He and N2 was used. For these experiments, tailored driver compositions ranged
from XHe=0.652 to XHe=0.799 for the high concentration mixture and XHe=0.400 to XHe=0.625 for
the low concentration mixture.
A 0.033m3 Teflon-coated stainless-steel high purity-mixing tank was used to prepare all
test gases for the experiments. Mixtures were prepared manometrically and mixed overnight with
a magnetically driven stirrer to ensure homogeneity. Mixture pressures were measured using a
10,000 Torr (MKS Instruments/Baratron 628D, accuracy of 0.25% of reading) full-scale range
capacitance manometer and a 100 Torr (MKS Instruments/Baratron E27D, accuracy of 0.12% of
reading). Ultra-high purity (UHP, > 99.999%) argon and oxygen supplied by nexAir and hydrogen
from Air Liquide and instrument grade (99.99%) CO2 from nexAir were used in this study. Liquid
fuels were supplied by Sigma-Aldrich with purities of 99% and 99% for n-heptane and isooctane,
respectively.
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CHAPTER THREE: END WALL IMAGING
Experimental Setup
A GE-124 fused quartz window from Technical Glass Products was used in this study as
the shock tube’s driven end wall, a schematic of the end wall setup is shown in Figure 2. The
window is 4.14cm thick with an outer diameter of 16.13cm. Fused quartz was chosen as the
material of choice for this application due to its ability to withstand high compressive loads. The
end wall is incased in a 3D printed housing that prevents it from direct contact with the metal
interior surface of the shock tube. The end wall was removed after every other run and cleaned
with acetone to ensure the best quality images. In this study, experiments were conducted in both
a clean and dirty shock tube facility. Here, dirty is defined as at least ten non-soot producing
experiments conducted prior to running a shock. Alternatively, a clean tube is defined as having
cleaned the first 1.50m of the interior of the shock tube closest to the end wall of the driven section.
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Figure 2. Schematic of the shock tube and end wall imaging setup.

A Vision Research Phantom v710 series CMOS camera was used to capture all images
presented in this work. Images in this study were sampled at rates from 28 KHz to 67 KHz. These
acquisition rates corresponded to resolutions of 512x384 for the former and 256x256 for the latter.
The camera was trigged by the passing of the reflected shockwave over the pressure transducer
located 2.00cm from the end wall. Due to the relatively weak ignition in the diluted mixture, a
Lambert Instruments HiCATT 18 high-speed intensified camera attachment was used for several
of the experiments to increase the intensity of signal received by the camera. For all such
experiments, the intensifier was set to a fixed frequency of 67 KHz, a gain of 700, and a gate time
of 1μs. Based on the time resolved images taken in this study, flame velocities were calculated by
tracking the outer edge of the propagating flame in all directions. The flame velocities calculated
in this manner were averaged to produce and average flame propagation speed.
9

High Fuel Loading Mixture
Data for the high concentration mixture were taken at temperatures between 858-1082K
and pressures between 2.74-3.91atm. Images and corresponding pressure traces were captured for
shocks in both a clean and dirty shock tube facility. Typical pressure, emission, and image
sequences are shown in Figure 3 for the lower temperature regime (<1000K), for both clean and
dirty shock tests.
As is clear from the pressure trace in Figure 3a, the pressure rises gradually in a ramp-like
fashion prior to the main ignition event, evidenced by the large pressure discontinuity at 5872μs.
This pressure rise is very similar to the aforementioned studies [4, 32-35] that appear to exhibit
pre-ignition energy releases. The ramp behavior is attributed to the pre-ignition event expanding
outwards, pushing the mixture against the interior of the tube gradually raising the pressure before
homogeneous ignition occurs. This process is clear from the corresponding images accompanied
in Figure 3c. Around 4300μs, bright luminescence particles are seen around the bottom and left
side of the interior of the tube. These particles are likely from dust or leftover products from
previous shock tube runs. In frame 4, a flame is distinguishable among the particles on the left side
and in the center of the tube. Progressing to the next frame, the flame tends to propagate towards
the unburned portion of the fuel mixture along the walls of the tube at a rate of 106 m/s. In frame
6, two flame kernels with distinct centers form and begin to consume the rest of the unburned fuel
mixture at a rate of 1293 m/s. At frame 8, the unburned fuel mixture is completely consumed. Due
to the high particle density around the bottom of the tube, it is difficult to determine if the first
flame begins sooner or if additional flame kernels are present.
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In Figure 3b, the pressure trace again shows ramp-like behavior prior to the main ignition
event, indicating pre-ignition energy releases. As temperature (T5) decreases, the ramp becomes
much more distinct, we believe that this is due in part to the increased boundary layer and pressure
effects that are present at longer test times. In these image sequences, the combustion process is
started by a pre-ignition event located at the bottom of the tube, expanding outward in all directions
consuming the unburned fuel mixture at 51 m/s. At 1868.3μs, a distinct flame kernel is
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distinguishable with an initial radius of 23.26mm; it expands outward at a rate of approximately
1351 m/s until at time 1957.7μs the entire mixture has been consumed. The image sequences in
Figure 3d were taken after cleaning the interior of the driven section of the shock tube, resulting
in much clearer images. Ignition in the dirty facility consistently begins at the lower half of the
tube, where there is a high particle density prior to ignition.
For all high concentration experiments, the pixel intensity values were counted for each
image sequence and transformed into an intensity curve. For all images, the definition for ignition
occurring at a given pixel was defined as half of the mean pixel intensity value across the entire
image sequence. Such plots of the pixel intensity can be seen in Figure 6a and Figure 6b where the
intensities have been normalized to the peak of the emissions trace and cut-off beyond this point
so the flame behavior could be examined before onset of ignition. As can be seen in both plots, the
image intensity of the camera rises far sooner than the emissions trace. Although the camera is
focused on the plane of the emission detector 2.0cm away from the end wall of the shock tube, the
camera is capturing out of focus light from ignition events beyond this location. Similar
observations have been made by Hanson[36]; who observed in a 4%H2\2%O2\Ar mixture that
ignition away from the 2.0cm location can occur prior to ignition at the ideally assumed location
from the formation of hot spots along the shock tube walls from shock wave-boundary layer
interactions, deflagration to detonation transitions, and increased post-reflected shock
temperatures away from the end wall due to shock wave attenuation. It should be noted that all
high concentrations runs conducted in this study, showed evidence of ignition occurring beyond
the ideally assumed 2.0cm location. However, runs that exhibited deflagration to detonation
transitions displayed longer intervals between the rise of the image intensity and the rise of the
12

emission trace, indicating that ignition in DDT runs occurred further away from the end wall of
the shock tube. Moreover, it is interesting to note that the normalized camera intensity follows a
similar increasing trend to its corresponding pressure trace. For low temperature experiments
where strong ramp-like behavior is observed the camera intensity also exhibits a ramp with a large
jump in intensity at the moment of homogeneous ignition. Similarly, when the pressure trace
shows a linear trend prior to homogeneous ignition, the normalized camera intensity also shows a
linear trend before this event.

Figure 4. Image sequence of flame kernels prior to volumetric ignition in a dirty shock tube for a 15%H2/18%O2/Ar mixture.
T5=901K, P5=3.79atm, τign=4576μs, sampled at a rate of 67065fps.

Figure 5. Image sequence of flame kernels prior to volumetric ignition in a dirty shock tube for a 15%H2/18%O2/Ar mixture.
T5=1026K, P5=2.74atm, τign=127.5μs, sampled at a rate of 67065fps.
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Figure 6. Camera intensity prior to volumetric ignition, normalized to the peak of the emissions trace.

The flame kernel and reaction front propagation velocities were calculated by tracking the
position of the outer edge of the flame in the direction normal to the flame’s surface. It was
observed that the flame tended to propagate faster when traveling to the center of the tube, rather
than traveling in a direction towards a wall similar to the observations of Walton[33], only the
greatest flame velocities are reported.
Walton [33] theorized in his work on iso-octane ignition that a mixture with a low thermal
diffusivity α=k/ρCp will exhibit pre-ignition like characteristics due to the slow dissipation of the
mixture’s thermal gradient while mixtures with high α values will dissipate their thermal gradients
quickly and thus will ignite volumetrically. Our results agree with this hypothesis and the results
are presented in table 1. As evidenced by the table, mixtures with a high speed of sound (>600
m/s) exhibited strong, volumetric ignition and have very high thermal diffusivities (due to a camera
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malfunction, no images were captured for one of these tests; however the pressure trace, speed of
sound, and α are similar to the other two tests that exhibit volumetric ignition.)
Table 1 also shows six tests in the mild ignition regime that exhibit a deflagration to
detonation transition, in all cases the observations are the same. A weak luminescent, deflagration
flame begins to expand outward in all directions consuming the unburned fuel mixture (table 1
lists the speed of sound for these mixtures and indeed the first flames that are observed in these six
mixtures have a mach number M<1 assuring that they are subsonic deflagration waves.) After the
deflagration wave has consumed a portion of the fuel mixture, the detonation transition takes place.
In this transition, one or more distinct flame kernels spontaneously form and quickly consume the
remaining fuel. All flame kernels have a mach number ≥1.8 and are therefore supersonic
detonation waves. Due to the violent detonation, there is a large pressure discontinuity followed
by strong pressure oscillations immediately after ignition. The average oscillation frequencies are
reported in table 1.
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Table 1. Summary of high-concentration experimental data.

Note: Flame velocities that are denoted with a ‘V’ represent tests where only volumetric ignition was observed. Velocities that are denoted with
an ‘X’ are tests where a camera malfunction occurred, and no image was captured.
a

Velocity of the first flame captured in image sequences, these velocities were well below the speed of sound of the mixture

b

Velocity of the second flame captured in image sequences, these velocities were well above the speed of sound of the mixture.

c

The ignition type was determined from the pressure trace and the H2-O2 ignition definitions presented in [8].

Low Fuel Loading Mixture
Data for the low concentration mixture were taken at temperatures between 918-1216K
and pressures between 3.09-5.62atm. For all of the low concentration experiments, the ignition
delay time is taken as the half-rise of the pressure trace.
Due to the low energy ignition in the diluted mixture, an intensifier was used in conjuction
with the high-speed camera to amplify the singal for several runs. Typical pressure, emission, and
image

sequences

for

the

diluted

mixture
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are

presented

in

Figure

7.
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Figure 7. Typical pressure, emission, and image sequence for the low concentration mixture, 4%H 2/2%O2/Ar. Image sequence
captured with high-speed intensifier attached to the camera. (a) Pressure and emission trace, (b) corresponding image sequence.

As is evident from Figure 7a, there is no ramp prior to volumetric ignition in the pressure
trace suggesting that there are no pre-ignition energy releases and that the findings are in great
agreement with that of Pang et al. [4]. However, Figure 7b appears to show a different story.
Ignition first occurs in select parts around the circumference of the tube and begins to expand
outward around the circumference suggesting that there may indeed be pre-ignition energy
releases. We argue, however, that this is not the case.
Figure 8 shows the same pressure graph as in Figure 7 with the locations of the PCB
pressure transducers and the ratio of ignitied area to total shock tube area as a function of time.
Ignition for this case was taken similarly to that for the high concentration mixture but a definition
of 10% of the maximum pixel value of the entire image sequence was used. As is clear from Figure
8, the image intensity does spike at the location of the emission peak, which is located 2.00cm
away from the end wall, but then the intensity begins to drop again as the flame dies out. However
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as the rest of the fuel inside of the tube begins to ignite, the intensity again begins to rise and
continues as ignition occurs at locations further and further away from the end wall of the
shocktube. Figure 9 displays the continued image sequence presented in Figure 7b, showing how
the flame progresses from the circumference of the tube to eventually the entire interior of the tube
at 2150.04μs. Furthermore, the image sequence in Figure 9 reiterates that ignition is occuring at
locations far from the end wall. Because only the first 1.45m of driven section closest to the end
wall was scrubbed after each run, soot particulates begin to appear in the image sequence around
a time 1136μs, indicating that ignition is occuring at a location in the shock tube that was not
cleaned. Therefore, we conclude that our results do infact agree with the findings of Pang et al. [4]
in which no pre-ignition energy releases are evident in the diluted mixture. Instead, the low fuel
concentration of this mixture makes it appear that homogenous ignition is not occuring. Similar
observations can be made for all runs conducted in the low concentration mixture for runs
conducted with the high-speed intensifier
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(Aign/Atube)
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Figure 8. Extended pressure trace of Figure 7a, with ignited area to total shock tube area ratio and PCB pressure transducer
locations.

Figure 9. Extended image sequence for the images shown in Figure 7b.

Data for all experiments are tabulated in table 2, with flame velocities calculated in the
same manner as stated previously. Unlike the high concentration mixture no deflagration to
detonation transitions were observed in the lower concentration mixture, all flame velocities <<
speed of sound of the mixture.
Table 2. Summary of low-concentration experimental data.

Note: Flame velocities that are denoted with an ‘X’ are tests conducted without an intensifier and no discernible image could be identified.
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Chemical Kinetic Modeling
The chemical kinetic modeling software CHEMKIN was used to simulate modeled ignition
delay times for both the high and low concentration mixtures.

The GRI-Mech3.0 and

AramcoMech2.0 were the mechanisms used in this study. The unmodified mechanisms were used
to simulate ignition delay times over the range of temperatures studied for both mixtures.
Additionally, both mechanisms were altered to incorporate the average dP/dT facility dependent
pressure rise for each mixture. Furthermore, simulations were run for each experimental test at the
given test temperature and pressure conditions with both the unmodified GRI and Aramco
mechanisms. For runs that did exhibit a linear pressure rise prior to the main ignition event, the
modified mechanisms incorporating pressure profiles specific to each individual test were also run.
As previously mentioned, ignition delay times were taken in both a clean and dirty shock
tube facility for both mixtures. Despite this, there are no apparent deviations in ignition delay times
between the two types of tests for the high-concentration mixture. Ignition delay times are
compared to the common GRI-Mech 3.0 and the AramcoMech2.0 mechanisms via CHEMKIN.
Figure 10 shows modeled ignition delay times with constant U V assumptions at a constant average
test pressure of 3.2atm and modeled ignition delay times with a constant 4%/ms dP/dT pressure
rise using both the GRI-Mech 3.0 and AramcoMech2.0. As is clear from the figure, the GRI-Mech
that assumes constant U V in the post-reflected shock region, slightly over predicts ignition delay
times at temperatures >1040K; however, the drop-off in ignition delay time is quite significant at
lower temperatures. The AramcoMech2.0 with constant U V assumptions models ignition times
at high temperatures >980K. Again, at lower temperatures the models falls short and over predicts
ignition times at lower temperatures. Both mechanisms were modified to incorporate an average
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4%/ms constant dP/dT pressure rise. The modified GRI-Mech shows no deviations from the
original mechanism at temperatures >1050K but begins to deviate at lower temperatures and more
accurately predicts ignition times compared to the original. The modified AramcoMech also shows
no deviations from the original mechanism at higher temperatures >1000K, but begins to deviate
at lower temperature and very accurately predicts experimentally obtained ignition delay times.
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Figure 10. Reflected shock ignition delay times for a 15%H2\18%O2\Ar mixture. Ignition delay times are compared to the
common GRI-Mech 3.0 and AramcoMech2.0 assuming constant U V in the post-reflected shock region at an average pressure of
3.2atm and to the modified GRI-Mech and AramcoMech that incorporate a constant average 4%/ms dP/dT pressure rise prior to
ignition. * Represents mechanism modeled with constant U V assumptions. **Represents mechanisms incorporating facility
dependent effects.
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Figure 11. Reflected shock ignition delay times for a 4%H2\2%O2\Ar mixture. Ignition delay times are compared to the
experimental findings of Pang et al.[4], the unmodified GRI-Mech 3.0 and AramcoMech2.0 with constant U V assumptions in the
post-reflected shock region at a constant pressure of 4.3atm, and modified versions of the GRI and Aramco mechanisms
incorporating a constant average 3%/ms dP/dT pressure rise. * Represents mechanism modeled with constant U V assumptions.
**Represents mechanisms incorporating facility dependent effects.

As with the high concentration mixture, tests in the diluted mixture were conducted in both
a clean and dirty shock tube and ignition times were compared to the GRI-Mech 3.0 and
AramcoMech2.0 with constant U V assumptions at a constant pressure of 4.3atm and to the
modified GRI-Mech and AramcoMech incorporating a constant average 3%/ms dP/dT pressure
rise evidenced in Figure 11. As with the high concentration mixture, the original GRI and Aramco
mechanism over predicts ignition times at lower temperatures. The modified GRI-Mech models
ignition times more appropriately at lower temperatures compared to the original but still over
predicts experimentally obtained times. However, the modified AramcoMech models the
experimentally obtained ignition times very well over the entire temperature ranged studied.
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CHAPTER FOUR: SIMULTANEOUS END AND SIDE WALL IMAGING
TRAC Shock Tube
The TRAC shock tube at the University of Central Florida is a novel shock tube design that
allows for simultaneous, high-speed, spatially and temporally resolved measurements of
exothermic reactions that take place behind reflected shockwaves through the end wall and around
the entire circumference of the tube. This is achieved by fusing a 4.14 cm thick, 15.82 cm diameter
end wall to a 1.56 cm thick annulus with a viewing length of 7.00 cm and inner diameter of 14.17
cm with a high vacuum, non-outgassing epoxy (Epotek 353nd). A schematic of the TRAC shock
tube is shown in Figure 12.
Time zero is defined as the time the incident shockwave strikes the end wall which is
calculated by extrapolating the velocity of the incident shockwave to the end of the shock tube.
The velocities are measured with 4 time-interval counters wired to five piezoelectric pressure
transducers placed along the length of the driven section of the tube (located 31.5, 62.0, 92.5, 123,
and 153.5 cm from the end wall). Further information about the shock tube at UCF can be found
in our previous publications [37, 38]. Information regarding the imaging diagnostics can be viewed
in Table 3. Although both cameras were trigged off of the same source (when the incident
shockwave passed PCB 4 location) a difference in internal triggering time led to a slight mismatch
in image acquisition time between the end wall and side wall cameras. This mismatch is less than
40μs for all tests.

23

Figure 12. CAD of the transparent cylindrical (TRAC) shock tube.

Table 3. Camera conditions and glass properties

End wall

Side wall

Camera

V710

Miro M310

Lens

60mm, f/2

55mm, f/2.8

Camera Wavelength Range
350-1100
(nm)
Sampling Rate (kHz)

50, 77
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25, 38.5

Resolution

256x256

288x384, 184x384

Material

GE 124 fused quartz

Material Wavelength Range

200-800, 1000-3500 (~90% transmittance)

(nm)

Mixtures of 0.1% n-heptane (n-C7H16) /5.24% Air /94.66% Ar, 0.1% iso-octane (iC8H18)
/5.94% Air /93.96% Ar, and 5% methane (CH4) /10% O2 /85% CO2 were prepared monometrically
with a 100-Torr (MKS Instruments Baratron E27D, accuracy of 0.12% of reading) and 10,000Torr (MKS Instruments Baratron 628D, accuracy of 0.25% of reading) full-scale range capacitance
manometers. Mixtures were prepared in a 0.033 m3 Teflon-coated, magnetically stirred mixing
tank and were allowed to mix for minimum of four hours prior to use to ensure homogeneity.
Liquid fuels were supplied by Sigma-Aldrich with purities of 99% and 99% for n-heptane and
isooctane, respectively. Ultra-high purity (99.999%) argon and oxygen, instrument grade (99.99%)
CO2 were supplied by Nexair.

Ignition Modes
It has long been understood that ignition can proceed through two distinct pathways, one
that is “mild” or “weak” and the other that is “sharp” or “strong”. As stated by Cheng and coworkers [39], mild ignition occurs due to a lack of temporal coherence between the exothermic
power pulses (characteristic time of the exothermic release) produced from localized reaction
centers. However, when the variation in induction time between localized events is small enough,
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coherence of the exothermic pulses occurs, and a strong ignition is achieved. Examples of each
ignition mode for isooctane and n-heptane can been seen in Figure 13 and Figure 14, respectively.
The side wall images in the upper panel of Figure 13 show a chaotic ignition structure that
begins in random, localized positions throughout the test section (frame 1). These kernels slowly
consume the surrounding unburned fuel mixture until a quasi-homogeneous state of ignition is
achieved (frame 2). This structure does not stay merged and does not propagate out of the test
section, but rather disbands back to localized regions (frame 3) until these are quenched and there
is no more visible signal from the side wall view. All the while the end wall camera shows a
volumetric ignition with a central core. The appearance of a complete ignition by the end wall is
due to the ignition of mixture at various depths that, when viewed on axis, appear to show complete
ignition. This phenomenon highlights the importance of collecting images from both views and
that end wall imaging can be very misleading regarding where ignition occurs unless a constrained
reaction volume method is employed [18, 36].
The strong ignition of isooctane in the lower panel of Figure 13 illustrates how the
combustion process initiates in the immediate vicinity of the end wall, almost entirely across the
tube’s cross-sectional area. The unified reaction front then propagates out of the test section. The
variation of intensity across the end wall images is due to the interaction of opposing pressure
waves that creates a disturbance in the system. The ignition process begins in the upper left-hand
portion of the tube which sends a pressure wave towards the lower right where mixture has yet to
ignite. In subsequent images (shown in supplementary material) the lower right-hand portion of
the tube ignites sending a pressure wave in the opposite direction of the first. This interaction
causes an oscillation which results in varying intensity across the cross-section of the tube. Similar
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observations are seen for the mild and strong ignition of n-heptane in Figure 14. The reduced signal
intensity seen in the mild ignition case is simply due to imaging at lower temperatures, which is
necessary to achieve mild ignition for n-heptane.

Figure 13. iC8H18 ignition from end wall and side wall views, green line denotes location of end wall. TOP, mild ignition of
isooctane at T=1389 K, P=1.69 atm. Bottom, strong ignition of isooctane at T=1542 K, P= 1.59 atm
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Figure 14. n-C7H16 ignition from end wall and side wall views, green line denotes location of end wall. TOP, mild ignition of nheptane at T=1286 K, P=1.09 atm. Bottom, strong ignition of n-heptane at T=1431 K, P= 1.57 atm. The lines observed in the
figure are an artifact of the camera.

𝛿𝜏

The delineation between ignition modes is commonly reported at critical values of (𝛿𝑇) ,
𝑝

the sensitivity of ignition delay time to temperature gradients at constant pressure [3, 5]. This
metric is useful because, due to the exponential dependence of ignition delay times to temperature,
it is known that strong ignitions tend occur at high temperatures where this sensitivity is low.
However, this derivative is susceptible to changes in mixture composition, such as fuel loading,
making the condition of high temperature arbitrary. For example in a mixture of high fuel loading,
the energy released from a fixed volume of combustible gas is larger and hence the requirement to
achieve temporal coherence among the individual exothermic releases is less, allowing the
𝛿𝜏

transition between ignition modes to occur at lower values of (𝛿𝑇) . This is illustrated well in
𝑝

Table 4 with the present data and using the ignition delay correlation and corresponding transition
temperatures presented in reference [14]. Thus, a different criterion eliminating mixture
composition is desirable.

To achieve this, it is convenient to relate the transition of ignition modes to the chemical
induction time of the steady-state system rather than on the time of the exothermic release of each
reaction kernel, this was hypothesized in a discussion on the work of Meyer and Oppenheim [3].
Doing so yields the relation, (

𝜏
𝜏0

𝛿 𝑙𝑛( )
𝛿𝑇

) , which eliminates mixture variation by normalizing the
𝑝

ignition delay of a localized reaction, τ, to the steady-state ignition delay, 𝜏0 . Results using this
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relation are reported in Table 4. Comparison of mild to strong transition using various methods.
and yield better agreement between the two studies than the previous correlation. The differences
between these two studies likely arise due to the different tube geometries used to collect the data.
The corners in square channels are regions of higher localized temperature, generating a larger
volume of combusting gas than would be expected with the temperature gradients present in a
circular tube under similar conditions. This reduces the time between ignition delay of a local
τ
τ0

δ 𝑙𝑛( )

reaction to the global ignition delay, resulting in a higher value of (
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δT

) .
p

Table 4. Comparison of mild to strong transition using various methods.

Present Study

Vermeer et al. [14]

n-heptane

Isooctane

n-heptane

Isooctane

[%]

0.1

0.1

2.50

2.22

𝜇𝑠
]
𝐾

-10.1

-7.3

-110.9

-38.6

-0.013

-0.011

-0.012

-0.008

Fuel
Loading
(

(

δτ
)
δT 𝑝

[

τ
δ 𝑙𝑛 (τ )
0

δT

)

[𝐾 −1 ]

p

Ignition Location
The localized flame kernels that are indicative of a mild ignition process originate where
there are local maxima of temperature in the fluid. Ideally, no such temperature gradients would
exist within the tube; however, due to surface-fluid interactions, non-perfect contact between the
end wall and incident shock wave, incident shock attenuation, and shock bifurcation, temperature
gradients are always present in shock tubes. In particular, shock attenuation of the incident wave
[36], which results in higher T2 values farther from the end wall, is a driving factor for far-wall
ignition events.
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These remote ignitions were observed in every mild ignition case conducted in this study.
Unfortunately, the lack of temporal coherence indicative of mild ignition, coupled with the low
fuel loading of these mixtures, prevents a sufficiently large energy release from the localized
ignition events and hinders the use of PCBs to extrapolate the mild ignition location from the end
wall. However, the time lag between the normalized end wall and side wall signals (Figure 15)
gives a clear indication that at lower temperatures the ignition occurs far from the end wall, and as
temperature is increased the ignition moves into the observable test section of the TRAC tube.
Another interesting note from this figure is the change in end wall signal from lower temperatures
to higher ones. At the low extreme, the end wall signal reaches its maximum at nearly an identical
time to that of the side wall signal and then monotonically decreases. In contrast, at the highest
temperatures only a local maximum is seen at the time of max side wall signal followed by
variations in signal intensity. The maximum signals for the high temperature runs are achieved
when the largest volume of mixture has ignited. This does not coincide with the side wall
maximum because in these strong ignition cases the flame propagates down the tube faster than
the reaction terminates thus reaching a maximum volume at a later time. The oscillations in signal
are likely due to strong pressure waves causing variation in signal intensity as more volume of gas
ignites.
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Figure 15. Normalized side wall (dashed) and end wall (solid) signals for 0.1% iC8H18 /5.94% Air /93.96% Ar mixture at
varying temperatures.

Uncertainty in Shock Tube Measurements
Temperature Uncertainty
The Arrhenius equation, eq (1), gives the ignition delay time of a species as a function of
𝐴 the pre-exponential factor, 𝐸𝑎 the activation energy, 𝑅 the universal gas constant, and 𝑇 the
temperature. If this form of the equation is differentiated with respect to temperature and then
divided by the original equation, then eq. (2) is obtained. Equation 2 relates the difference in
ignition delay time from a local ignition kernel to the global ignition event though a temperature
difference within the mixture. Figure 16 shows the normalized signals from the side wall and end
wall as well as from the emission detector. The time differences displayed on the figure are that
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from when the camera signals recorded 2% of their maximum to when global ignition was
observed (peak signal from emission detector).
𝐸

𝜏 = 𝐴 ∗ 𝑒𝑥𝑝 (𝑅𝑇𝑎 )
𝛥𝜏
𝛥𝑇

Normalized Signal (A.U.)

1.2

𝐸

Equation 1

𝜏

= (− 𝑅𝑇𝑎 ) ( 𝑇0 )
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Figure 16. Normalized intensity plot for end wall and side wall cameras as well as emission. Colored vertical lines represent
when 2% of the normalized camera intensity is observed. iC8H18 ignition, T=1462 K, P=1.582 atm.
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Figure 17. Simulated concentrations for species relevant for hydrocarbon combustion. Conditions for solid line are T=1462 K
and P=1.582 atm, dashed lines for T= 1479 K and P=1.582 atm. Mixture simulated is 0.1% iC8H18 /5.94% Air /93.96% Ar.

Using eq. (2), values in Figure 16, and an Ea=211.6 kJ/mol (from Arrhenius fit of IDT
simulation using LLNL isooctane mechanism [40]), temperature gradients within the tube are
found to be 8.4 K and 17.7 K as viewed from the side wall and end wall, respectively. Our
estimation of ΔTe is higher than recent calculations from Troutman et al [18]; however, in their
work they employed a pneumatic gate valve to constrain the reactive mixture within the test section
of the tube, preventing remote ignition events [36]. Thus, direct comparison between the end wall
measurements is not valid. However, our calculated ΔTs of 8.4 K (0.57% of T5) is in good
agreement with the previous findings of a 6.4 K (0.58% of T5) temperature gradient [18]. The
larger ΔTe confirms arguments from other researchers that the temperature downstream of the end
wall can be higher than that in the test section [36, 41].
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These temperature gradients behind the reflected shockwave are highly nonideal and can
have significant effects on measurements used to improve kinetic models. Using the LLNL
isooctane mechanism [40], time histories of combustion relevant species needed for mechanism
validation are plotted in Figure 17 for the calculated T5 and T5+ΔTs. Of first note is the longer IDT
of the simulation compared to the experiment. This is due to the mild ignition process observed in
the experiment. When the local kernels ignite, the remaining mixture yet to react is compressed
and thus the IDT time is expedited. Furthermore, a 0.57% deviation in T5 results in about a 0.14
ms time difference in species buildup. Thus, when using line-of-sight laser measurements during
a mild ignition process, the observed concentration of the targeted species will lie somewhere in
between these two extremes. The location between the extremes where the measurement will lie
depends on the relative size of the flame kernel relative to the diameter of the tube at the plane of
the measurement.

Diagnostic Location
In the previous sections it was shown how temperature distributions in the tube can lead to
a heterogeneous ignition and the effect that temperature changes can have on an in-situ
measurement such as one made 2.0 cm away from the end wall, the distance used in our tube and
several others [42-45]. However, measurements performed in such an ignition event are not just
sensitive to temperature variations but also to the measurement location. Figure 18 shows lines
representing locations 1.0, 1.6, and 2.0 cm away from the end wall superimposed (lines have been
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enlarged for clarity). These locations are common diagnostic locations in shock tubes [46-48]. A
cursory glance at this figure indicates that the ignition event along these diagnostic lines change in
each frame. To obtain a quantitative understanding of this variation, a threshold value of 15% of
the maximum pixel intensity in the image sequence is used as a counter to obtain the ratio of ignited
pixels to all pixels along each diagnostic line. Figure 18 A and B show this pixel ignition density
along each diagnostic line and the percent difference of the 1.0 and 1.6 cm locations from the 2.0
cm location, respectively for a mild ignition case of isooctane. In these figures, the 2.0 cm location
shows quickest increase in ignited pixel density due to the inhomogeneous ignition that first begins
outside of the test section and propagates into view of the side wall camera.
In such a heterogeneous environment the measured ignition delay time may be skewed if
the peak emission metric is utilized as shown in Figure 19A; the peaks of the 1.0 and 1.6 cm
locations agree, but not the 2.0 cm location. This conclusion appears to contradict Petersen et al.
[49] who observed no noticeable difference in ignition delay times between diagnostic locations
of 1.0 and 2.0 cm. However, this is only the case in a strong ignition environment which is clear
in Figure 19C where the peaks of all three locations coincide. The discrepancies observed in Figure
19 D can be explained through the definition of time zero of the experiment, which in the figure is
common to all three diagnostic locations. Therefore, the finite traveling time of the reaction front,
which beings at the end wall for strong ignitions, and the lack of complete perpendicularity of the
reaction front results in slight differences among the locations as the front first enters and leaves
each location.
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Figure 18. TOP, mild isooctane ignition for the case shown in Figure 19 A and B, T=1383 K, P=1.70 atm. Bottom, strong
isooctane ignition for the case shown in Figure 19 C and D, T=1566 K, P=1.59 atm both with 1.0 cm (dashed magenta), 1.6 cm
(dashed teal), and 2.0 cm (dashed blue) diagnostic lines superimposed on images.

Figure 19. (A&C) Ignited pixel density along lines at locations of 1.0, 1.6, and 2.0 cm away from the end wall. (B&D) Percent
difference in the ignited density of the 1.0 and 1.6 cm locations to the 2.0 cm location.
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Shock Wave Bifurcation
Shockwave bifurcation in shock tubes occurs due to a momentum deficiency within the
boundary layer that prevents it from passing through the reflected shockwave. Therefore, the fluid
within the boundary layer is ejected around the reflecting shock, forming the classic lambda wave
near the shock tube walls. The ejection of this colder state 2 fluid into the region behind the
reflected shockwave creates a heavily turbulent test region with colder fluid accumulated near the
shock tube boundaries. Many researchers have investigated this reflected shock-boundary layer
interaction through various techniques, including: Schlieren imaging [1, 50, 51], laser absorption
[52], and computational fluid dynamics [41]. However, experimental measurements showing the
impact of bifurcation on an ignition process are severally lacking. To the authors’ knowledge, the
recent work by Pryor et al. [19] demonstrates the only experimentally, spatially resolved ignition
process under the influence of bifurcation.
Results from Pryor and co-workers indicate that with heavy CO2 dilution, the ignition
process is confined to a central region within the tube. To provide further insight into the ignition
structure under such bifurcation, mixture number 4 (5%CH4/10%O2/85%CO2) from [19] was
examined using the TRAC tube. The end wall images shown in Figure 20 agree with the findings
of Pryor et al.; the ignition process appears to be confined to a core region within the tube, nearly
circular in shape (the ignited area ratios from this study and from that of Pryor et al. are compared
in Table 3). However, the side wall images show a more complex structure not evident from the
end wall images alone. The side wall images depict an ignition process that begins at, or very near,
the end wall surface in a cylindrical shape along the tube’s centerline. After some distance, the
mixture begins to ignite in an expanding area, forming a mushroom-like structure. The dead zones
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that appear at the top and bottom of the tube near the end wall are the regions where the colder
state 2 fluid from the boundary layer is ejected into. These regions are also subject to strong
velocity fluctuations and large vorticity, the combination of these effects results in no ignition.
At the elevated temperatures, the leading edge of the flame begins to detach from the rest
of the flame and is accelerated down the tube. The authors hypothesis that the phenomenon occurs
at higher temperatures due to the larger eddies created from the bifurcated shock. These eddies,
which begin at the tube walls, circulate toward the centerline of the tube and diffuse their
momentum to the molecules occupying this region of the tube, resulting in an acceleration of the
leading particles away from the bulk. This argument is supported by a larger bifurcation height at
higher incident Mach numbers (and consequently, higher reflected shock temperatures) [52].
While the exact length scale of the largest eddies generated by the shock bifurcation are not known,
they will begin on the order of the bifurcation structure height and diffuse their momentum to the
centerline flow faster than the eddies formed at the lower temperature shocks. We believe that this
feature would also be observed at the lower temperature conditions given enough time; however,
in all experiments conducted with this mixture, an opposing velocity field enters the test section
and creates a highly random, chaotic environment in which strong pressure oscillations and
swirling are observed (videos provided in supplementary material). This phenomenon prevents the
separation of the flame front at lower temperatures.
As with mild ignition, measurements made during a combustion process under the
influence of bifurcation can be difficult and misleading. As noted in [19], ignition delay
measurements very greatly depending on which metric is used, making model improvements based
on this metric difficult. Furthermore, laser measurements made in such a system are dubious since
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Beer’s Law assumes a homogeneous absorbing path length, but this can never be the case when
turbulence is present. Not only are there strong velocity fluctuations behind the reflected shock
wave, but temperature, density, and concentration gradients will also be present. This means that
any laser measurement conducted in such a system will have a very poor signal-to-noise ratio and
may make the measurement unreliable.

Table 5. Ratio of ignited area to total cross-sectional area of the tube, as viewed from the end wall. Pixels with intensity > 15%
of max pixel intensity were considered to display ignition. a represents conditions from Pryor et al. [19], ignited ratio for this
case was not done on a pixel basis; the ignition event was assumed to be circular and the ratio of this circle to the shocktube
diameter was used.

T5 (K)

P5 (atm)

Ignited Area Ratio

1725

0.990

0.43

1767

0.915

0.52

1812

0.914

0.37

1819

0.878

0.64

1850

0.857

0.50

1724a

1.093

0.29

1726a

1.043

0.39

1839 a

0.993

0.48

1874 a

0.946

0.41

1951 a

0.919

0.45
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Figure 20. End wall and side wall images for 5%CH4/10%O2/85%CO2 mixture at various temperature; (A) 1725 K, 0.99atm; (B)
1767 K, 0.915 atm; (C) 1812 K 0.914 atm; (D) 1850 K 0.857 atm.
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CHAPTER FIVE: CONCLUSIONS
The mild and strong ignition modes commonly seen in shock tube tests have been
investigated using high-speed spatial diagnostics. Using the basic technique of end wall imaging,
the hydrogen-oxygen system was investigated. The mild ignition mode for this system advances
in a deflagration to detonation channel, resulting in intense pressure and emission oscillations after
the detonation event. The mild ignition was estimated to occur outside of the test section due to
the large time difference between the signal rise of the camera and emission signals. The
examination of various fuel loadings in the hydrogen-oxygen system revealed the sensitivity of
the ignition modes to the mixture composition. Mild ignition was not observed for the lower fuel
loading case.
The end wall imaging technique was advanced with the design of the TRAC shock tube,
allowing simultaneous imaging from perpendicular views within the test section. Using this tube,
the ignition modes were studied during isooctane and n-heptane combustion. Upon comparison
with previous literature, the criterion for distinguishing ignition modes is proved to be susceptible
to mixture composition, as was hypothesized with just the end wall imaging technique. A
normalized criterion that eliminates variations in mixture composition is provided and yields better
comparison among various studies. The TRAC tube also promotes the estimation of temperature
gradients within the tube’s test section though an induction time difference of a local ignition event
and the global event. An estimation of temperature gradients in the test section are 0.57% of T5.
Particularly at lower temperatures, this small uncertainty in temperature has drastic effects on
ignition delay time and can affect the acquired time profiles of intermediate species concentrations.
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Furthermore, data collected in the mild ignition regime are not reproducible among various
facilities, in part due to the sporadic nature of this process and the different measurement locations
utilized across the community. In general, data should not be collected and used to update chemical
kinetic mechanisms if the data is collected during mild ignition.
Bifurcation was also investigated with the TRAC shock tube. As seen by previous
researchers, the ignition process is confined to the core of the shock tube due to the colder
boundaries in this type of flow. Not seen in previous literature is the axial propagation of the flame
front in the bifurcation process. It was seen that the flame front begins to separate from the bulk
flow, possibly due to the vortices imparting axially momentum to the leading edge of the flame,
accelerating it from the bulk fluid. However, as with the case of mild ignition, collecting data for
the purpose of updating kinetic mechanisms when the data is collected in such a tumultuous
environment is dubious.
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